Introduction
============

Genes involved in related biological pathways are cooperatively expressed to establish their functions, and thus information on their coexpression is key to understanding the biological systems at the molecular level (Eisen et al. [@B4]). Coexpression data have been utilized in a wide variety of experimental designs, such as gene targeting, regulatory investigations and identification of potential partners in protein--protein interactions (Aoki et al. [@B1], Usadel et al. [@B24], Obayashi and Kinoshita [@B11]). The reliable estimation of coexpressed gene relationships requires large amounts of gene expression data obtained from DNA microarray experiments, which are available in public repositories (Craigon et al. [@B3], Barrett et al. [@B2], Swarbreck et al. [@B22], Parkinson et al. [@B16]). Using these large public data sources, a number of coexpression databases have been constructed and are widely used.

One such coexpression database, ATTED-II, has the unique aspect of a network representation of gene coexpression, in addition to a simple gene list representation (Obayashi et al. [@B13], Obayashi et al. [@B9]). The user can effectively find the functional relationships of genes and design experiments to confirm the gene functions by reverse genetics and general molecular biological techniques (Obayashi and Kinoshita [@B11]). To analyze a broad range of biological phenomena, most of the coexpression databases, including ATTED-II, provide a general and fundamental coexpression landscape called 'condition-independent' coexpression data, constructed from all available samples, and thus these coexpression data are valuable for many plant researchers (Usadel et al. [@B24]). Although the condition-independent coexpression is useful in many cases, assessing the biological implications can be difficult, because the coexpression is an average or static view of all potential gene relationships. Some gene relationships are enhanced under specific conditions, but their relationships can disappear under different conditions. Such dynamic gene relationships are difficult to analyze with the condition-independent coexpression data. To address this issue, we sought to investigate the dynamic gene relationships by comparing the coexpression under different sets of conditions, which we call 'condition-specific' coexpression.

Several condition-specific coexpression data sets are available in coexpression databases, such as BAR (Toufighi et al. [@B23]) and CSB.DB (Steinhauser et al. [@B20]). Although they are quite valuable, comparative views of the condition-specific coexpression data are not provided. To construct such a comparative view of condition-specific coexpression, we used a unique coexpression measure, MR, the mutual rank of the Pearson\'s correlation coefficient, which performs well to compare the coexpression strengths for various guide genes and different microarray conditions (Obayashi and Kinoshita [@B10]).

Another limitation of the previous ATTED-II database is the target species, since only Arabidopsis data are available, in spite of the societal demand for research on advantageous plants, such as crops, vegetables and trees. Although the Arabidopsis coexpression data could potentially be applied to such useful plants using the homologous gene relationships, the validity of the application is unknown. To overcome this limitation, we constructed the rice coexpression data, and provided a comparative view of Arabidopsis and rice coexpression using gene orthologs. Since Arabidopsis and rice are model dicot and monocot plants, respectively, the conservation of coexpression between these two species supports applications of the coexpression relationships to other flowering plants. The coexpression conservation has also been used to enhance the reliability of coexpression (Stuart et al. [@B21], Oti et al. [@B15], Obayashi and Kinoshita [@B12]), since if similar coexpression relationships are observed for orthologous genes in different species, then the possibility of experimental/technical artifacts is considered to be reduced.

Details of the new features are described in the following sections, along with examples of the comparative coexpressed gene list ([Figs. 1](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}) and the switchable gene network ([Fig. 2](#F2){ref-type="fig"}). The history of ATTED-II, as well as other miscellaneous updates, is summarized in [Table 1](#T1){ref-type="table"}. Fig. 1An example of condition-specific coexpression. (A) The search window on the top page of ATTED-II. The incremental search system provides a guess for the search query during the input. (B) Search results for *UGP3*. The link on the right is used for the coexpressed gene list. (C) Coexpressed gene list for *UGP3* (At3g56040). The table on the left shows the condition-independent coexpressed gene list, sorted by MR (all) coexpression strength. When 'Coex in specific conditions' in the upper panel is checked, the left table appears for the five sets of condition-specific coexpression data. The colored triangles, which are not present on the database itself, are included to show strong coexpression with MR \<50. (D) Same as C, but sorted by the MR (hormone) value. Fig. 2An example of NetworkDrawer to represent condition-specific coexpression (<http://atted.jp/top_draw.shtml#NetworkDrawer>). Four genes with UDP-glycosyltransferase activity were used. (A) Condition-independent coexpressed gene network, as a default network. (B--E) Condition-specific coexpressed gene network using biotic stress samples (B), tissue and development samples (C), hormone treatment samples (D) and light treatment samples (E). (F) The same view as A, using the Cytoscape web system, which is also available on NetworkDrawer in ATTED-II. Yellow color in a network indicates a common KEGG pathway, 'ath00941: Flavonoid Biosynthesis'. Annotation on the Cytoscape web system can be changed interactively. Fig. 3Coexpression comparison to investigate the functional orthologs, using the sequence orthologs. There are two rice orthologs for the Arabidopsis *NPQ4* gene. Although both genes show similar coexpression to Arabidopsis *NPQ4*, Os01g0869800 shows stronger coexpression than Os04g0690800, suggesting that Os01g0869800 is the functional ortholog of Arabidopsis *NPQ4*. Table 1Evolution of ATTED-II versions over the last 3 yearsVersionDateArabidopsisRiceGene modelOther annotationsver.6.02010/09/28↑c2.0↑Updatedver.5.52009/07/08↑↑TAIR9Updatedver.5.42009/07/01↑c1.0↑↑ver.5.32009/05/27↑↑Updatedver.5.22008/07/19↑TAIR8Updatedver.5.12008/04/08c4.1↑↑ver.5.02008/03/18c4.0TAIR7Updated[^1]

Results and Discussion
======================

Condition-specific coexpression
-------------------------------

We prepared condition-specific coexpression data sets for the following five conditions: tissues, abiotic stresses, biotic stresses, hormones and light conditions, which were obtained from the AtGenExpress international collaboration (Schmid et al. [@B18], Kilian et al. [@B6], Goda et al. [@B5]). [Fig. 1](#F1){ref-type="fig"} shows how to use the condition-specific coexpression views in the coexpressed gene list. The *UGP3* gene is used as an example, since Okazaki et al. ([@B14]) recently identified the enzyme it encodes as being involved in sulfolipid biosynthesis. They analyzed and discussed condition-specific coexpression, and thus this gene represents a good example to evaluate the condition-specific coexpression view on the new ATTED-II. On the top page of ATTED-II, the gene name can be searched on the main search window, using either the AGI code, the gene name or a keyword ([Fig. 1](#F1){ref-type="fig"}A). As a result, one locus, At3g56040, was found as a *UGP3* gene ([Fig. 1](#F1){ref-type="fig"}B). The coexpressed gene list can be viewed by clicking the link on the right side, which will yield a simple list of the top 300 coexpressed genes for the query (the table on the left in [Fig. 1](#F1){ref-type="fig"}C). In the list, the locus ID, the alias name and the coexpression MR value are shown as a default. The top line is the guide gene itself, i.e. *UGP3* in this case, and the next lines show the most strongly coexpressed genes. The product of *UGP3* was originally identified as an enzyme involved in sulfolipid biosynthesis, based on the gene coexpression relationships with the sulfolipid (*SQD1* and *SQD2*) and galactolipid biosynthesis genes (*MGD2* and *MGD3*) (Okazaki et al. [@B14]). This coexpressed gene list shows that two sulfolipid genes (*SQD1* and *SQD2*) are strongly coexpressed with *UGP3*, in ranking positions 1 and 3 (a smaller MR means a stronger coexpression).

Additional information is available by clicking the checkbox in the operation panel above the table. When'Coex in specific conditions' in the panel is checked, the five sets of condition-specific coexpression data will appear (the table on the right in [Fig. 1](#F1){ref-type="fig"}C), where weak coexpression data with MR \>1,000 are shown in gray, and the data in the column used for sorting are shown in bold face. The condition-specific coexpression patterns are different for each coexpressed gene. For example, *SQD1* is strongly coexpressed under the tissue and hormone conditions, while *SQD2* is specifically coexpressed under the hormone condition, as indicated by the red triangles in the figure. Please note that the colored triangles shown in [Fig. 1](#F1){ref-type="fig"}C to show strong coexpression with MR \<50 are not on the database but are for ease of viewing. In a similar way (see blue triangles in the figure), the pattern of condition-specific coexpression is diverse. These complicated coexpression patterns may suggest the multiple aspects of *UGP3* functions, or simply reflect the evolutionary history of this gene, as described by Okazaki et al. ([@B14]). In addition, Okazaki et al. discussed the coordinated regulation between sulfolipid and galactolipid biosynthesis under hormone control, including the auxin/cytokinin cross-talk system (Okazaki et al. [@B14]). This hormone regulation can be analyzed by sorting the coexpression table for hormone condition ([Fig. 1](#F1){ref-type="fig"}D), which revealed strong coexpression of *UGP3* with *SQD1* (MR = 23.8), *SQD2* (MR = 3.7), *MGD2* (MR = 2.0) and *MDG3* (MR = 13.1).

Condition-specific coexpression is a powerful method to investigate regulatory mechanisms, as shown in the above example. However, the calculation of the condition-specific coexpression requires the experimental sets to be carefully defined, which is difficult to accomplish with the rapidly growing amount of microarray data that are publicly available. One possible means to find appropriate groups of conditions automatically is to perform a principal component analysis of the conditions. The coexpression trend under the iterative subtraction of major contributing conditions is one way to summarize multiple condition-specific coexpression data. We provide this coexpression trend as the coexpression stability in the CoexViewer tool (Kinoshita and Obayashi [@B7]). A link icon to the CoexViewer accompanies each gene on the coexpressed gene list (not shown in [Fig. 1](#F1){ref-type="fig"}).

Improvement of NetworkDrawer to represent condition-specific coexpression
-------------------------------------------------------------------------

Condition-specific coexpression data are also available on gene networks. ATTED-II provides a tool called NetworkDrawer, in Draw box, to draw gene networks. [Fig. 2](#F2){ref-type="fig"}A is the original view of the coexpressed gene network generated by NetworkDrawer, which uses condition-independent coexpression, when we used four genes with UDP-glycosyltransferase activity (At1g06000, At1g18580, At1g30530 and At2g11810). In the gene networks, the bigger, white nodes (circles) indicate the query genes, the smaller, gray nodes are additional genes to draw the coexpressed gene networks, and the black edges (lines) show the gene coexpression. As seen in the network, these four query genes are involved in three distinct coexpression networks ([Fig. 2](#F2){ref-type="fig"}A). By following the color of the nodes, the user can check the common KEGG annotations among the genes on the networks. For example, the yellow dots in the networks correspond to 'ath00941: Flavonoid Biosynthesis' in the KEGG pathway. The detailed KEGG map view in GenomeNet is available from the summary table in NetworkDrawer. By using this functionality, the biological meaning of each network can easily be interpreted. [Fig. 2](#F2){ref-type="fig"}B--E shows the condition-specific coexpression relationships. The coexpression under biotic stress conditions ([Fig. 2](#F2){ref-type="fig"}B) reveals a weak link between the bottom and upper-right clusters, suggesting conditional relationships between the two functional clusters. The gene coexpression under tissue ([Fig. 2](#F2){ref-type="fig"}C), hormone ([Fig. 2](#F2){ref-type="fig"}D) and light ([Fig. 2](#F2){ref-type="fig"}E) conditions is similar to the condition-independent coexpression ([Fig. 2](#F2){ref-type="fig"}A), but the coexpression under the hormone conditions is the tightest, which suggests that these coexpression networks mainly reflect hormone-driven conditions.

In addition to these network pictures, we prepared an interactive network drawer, using the Cytoscape Web system (Lopes et al. [@B8]), which is a web implementation of Cytoscape (Shannon et al. [@B19]). [Fig. 2](#F2){ref-type="fig"}F shows the same coexpression network with Cytoscape Web on ATTED-II, where the user can zoom in and out, edit node positions and obtain detailed information about the node by placing the cursor over each node or clicking on it. Coexpressed gene networks marked with several genome-wide annotations, such as predicted protein subcellular localizations, are available on the Cytoscape Web system. Moreover, we prepared a scheme to use stand-alone Cytoscape for further analyses, where any genome-wide information can be overlaid on the coexpressed gene network. The GraphML file provided in the NetworkDrawer can be imported in Cytoscape using our graphmlreader plug-in, by simply dragging and dropping the GraphML file link in NetworkDrawer to the Cytoscape window. Details about the use of Cytoscape are described on our web page (<http://atted.jp/help/cytoscape.shtml>).

Gene coexpression for different species
---------------------------------------

To expand the coexpression analyses with other useful plant species, homologous gene information is used. If a gene pair in one species is coexpressed, then the homologous gene pairs in the other species can be hypothesized to be coexpressed to a similar extent. This assumption may be true for some closely related species, but is less reliable for distantly related species. Some changes in coexpression patterns during evolution have been observed in animal coexpression (Obayashi and Kinoshita [@B12]). To check the feasibility of coexpression conservation, we prepared coexpression data from rice and provided comparative views in the coexpressed gene list. If a coexpression relationship is conserved in the two species, then the conservation of the gene coexpression in all flowering plants can be expected with more confidence. The details for the raw data used to calculate the rice coexpression are shown in [Table 2](#T2){ref-type="table"}. Please note that although condition-independent coexpression data are used for the Arabidopsis and rice comparison, some important experimental conditions may be absent in one of the species, which may reduce the conserved coexpression. Table 2Coexpression data information in ATTED-IISpeciesSample typeVersionNumber of genesNumber of TAIR-IDNumber of microarray slidesMicroarray platformData sourceLast updateArabidopsisAllAth.c4.120969581388GPL198TAIR2008/04/08ArabidopsisTissueAth.c4.1_tis209691236GPL198TAIR2010/09/28ArabidopsisStressAth.c4.1_str209699534GPL198TAIR2010/09/28ArabidopsisHormoneAth.c4.1_hor2096913200GPL198TAIR2010/09/28ArabidopsisBioticAth.c4.1_bio209696200GPL198TAIR2010/09/28ArabidopsisLightAth.c4.1_lig20969148GPL198TAIR2010/09/28RiceAllOsa.c2.02020420310GPL2025ArrayExpress2010/09/28

In [Fig. 3](#F3){ref-type="fig"}, the table on the left shows the Arabidopsis coexpressed gene list from *NPQ4*, which functions in non-photochemical quenching in PSII. As in [Fig. 1](#F1){ref-type="fig"}C, the top line is the guide gene itself, and the following lines indicate the most strongly coexpressed genes ordered by their coexpression strength, as measured by MR. Checking 'Osa Coex' in the upper checkbox will show the orthologous coexpression in rice, in the columns on the right. There are two rice orthologs for *NPQ4*, according to the homolog information in HomoloGene (Sayers et al. [@B17]), and thus two columns for rice are shown in the table on the right.

In the rice coexpression table (the 'MR for Os01g0869800' column in the table), the gene on the left in the second line shows the coexpression between the rice ortholog to Arabidopsis *NPQ4* (i.e. Os01g0869800) and that to *GAPA-2*, with a coexpression strength of 18.5. This value indicates very strong coexpression, because the MR value ranges from 1 to the total number of genes in the species for the coexpression analysis (about 20,000 for both Arabidopsis and rice). In the same way, most of the coexpression in this list is conserved between Arabidopsis and rice, and, therefore, these coexpressed relationships are expected to be conserved in other flowering plant species. It is noteworthy that this conservation of the coexpressed gene list supports not only each coexpression relationship but also the reliability of the original expression pattern of *NPQ4* measured by microarray, because such conserved coexpression would not be expected from pseudo expression data produced by microarray technical artifacts. Note that in some cases, such as the seventh line for At4g01150 in the rice orthologs ('MR for Os01g0869800' columns), there are multiple orthologous genes in a species, and the coexpression values are shown in parallel in a single cell (71.8 and 8.5).

In addition to evaluating the reliabilities of coexpression between a pair of genes and the expression pattern of the guide gene, a coexpression comparison can be used to identify 'functional orthologs' among genes with similar sequences. In [Fig. 3](#F3){ref-type="fig"}, there are two rice 'orthologs' or genes with similar sequences to the Arabidopsis guide gene (*NPQ4*). Both of the rice genes show strong coexpression with the orthologous genes of the coexpressed genes in Arabidopsis. However, for almost all of the coexpressed gene relationships, the gene on the left side (Os01g0869800) shows stronger coexpression, suggesting that Os01g0869800 is more likely to be a functional ortholog, rather than the gene on the right (Os040690800). The gene on the right might have acquired some other cellular functions after gene duplication. In addition to the analysis for an Arabidopsis coexpressed gene list, the same analysis can be performed for the rice coexpressed gene lists, which are available from a link that will appear by turning on the 'Osa gene' checkbox in the operation panel.

Other improvements
------------------

The top page of ATTED-II was revised to intuitively show the four major functions of our database. ATTED-II has nine tools, in addition to the pre-calculated pages. To access these tools easily, we classified them into two categories, 'Search box' and 'Draw box'. The Search box is composed of tools to search genes by some aspects, such as coexpression and protein--protein interactions, and their outputs are gene tables. On the other hand, the tools in Draw box can draw various pictures, such as a gene network, a hierarchical gene cluster and a detailed view of gene coexpression. There are two additional boxes, 'Browse' and 'Bulk download'. The Browse box has a link to the gene networks for six subcellular locations. These gene networks are huge, and, therefore, they are provided as a Google Map interface. The Bulk download box is used for downloading the coexpression data of Arabidopsis and rice, as well as other miscellaneous tables, to construct ATTED-II. These data are now available under the Creative Commons Attribution license.

API is available to retrieve gene coexpression at the following URL: <http://atted.jp/API/coex/>(AGIcode)/(coexpression_measure)/(cutoff). Details of API are described at <http://atted.jp/help/API.shtml>.

Materials and Methods
=====================

Data sources
------------

To calculate the coexpression data, we used the gene expression data measured by Affymetrix GeneChip platforms. For the condition-specific coexpression data, the AtGenExpress data were used, which are downloadable from TAIR (Swarbreck et al. [@B22]). Some microarray data were derived from diverse sample backgrounds, such as different tissues and genotypes. When the sample background differences are distinct, variations in the sample background can easily hide the responses to the treatments when calculating the gene-to-gene Pearson\'s correlation coefficient. Therefore, we independently applied per-gene normalization to the microarray data for each sample background, to ignore the background differences. Details of the calculations are available at <http://atted.jp/help/coex_cal.shtml>. The GeneChip data for rice were obtained from ArrayExpress. The details of the ATTED-II coexpression data are provided in [Table 2](#T2){ref-type="table"} and in our database (<http://atted.jp/top_statistics.shtml>).

Measuring gene coexpression
---------------------------

To evaluate the strength of coexpression, the Pearson and Spearman correlation coefficients are widely used, but we found that these measures were not suitable for direct comparisons among different species. However, the correlation rank-based measure, MR (which is calculated as the geometric mean of the correlation rank of gene A to gene B and of gene B to gene A), is more suitable to compare the coexpression data in multiple species, on average (Obayashi and Kinoshita [@B10]). In addition, we have performed several successful case studies, using MR coexpression data, to identify new gene functions in applications for Arabidopsis (Obayashi and Kinoshita [@B11]). Therefore, we adopted MR as the coexpression measure in ATTED-II, to compare the coexpression strengths among multiple species.
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[^1]: ↑The same condition as the previous version. Details of the updates of 'Other annotations' are available from <http://atted.jp/versions.shtml>
